M ultiple sclerosis (MS) is a demyelinating disease of the CNS resulting from progressive loss of oligodendrocytes. In the acute stage of disease, lesions contain macrophages, CD4 + and CD8 + T cells, and immunoglobulin deposits, suggesting that the demyelination process is mediated by the immune system (1) (2) (3) . Although the Ag or Ags driving this self-destructive process in MS have not been identified (4) the importance of myelin-derived Ags was demonstrated by their abilities to elicit an MS-like demyelinating disease, experimental allergic encephalomyelitis (EAE), in various animal models (5) .
The major difficulties in applying the EAE model to MS stem from a lack of identification of relevant autoantigen(s). Studies on relapsing EAE have shown that different encephalitogenic molecules or epitopes within them that are compatible with the heterogeneity of the immune response in MS are selected, suggesting that disease initiation and relapse episodes are induced by different Ags (6, 7) . Although cell-mediated mechanisms may have a primary role in EAE, augmentation of humoral immunity within the CNS is a wellrecognized feature of MS (8) . A breakdown of the blood-brain barrier would allow Abs to enter the CNS and cause demyelination by complement activation. In fact, complement may be directly involved in the death of oligodendrocytes (9) . Most efforts have been focused on myelin basic protein (MBP) and proteolipid protein, which make up as much as 30 and 50% of CNS myelin, respectively (10, 11) . T cell responses to MBP and proteolipid protein, or another oligodendrocyte-specific protein, myelin oligodendrocyte glycoprotein (MOG), did not differ considerably between MS patients and control donors (4) . Although oral vaccination with a predefined inducing Ag may successfully prevent and treat disease in animal models (12) , a similar approach with MBP in 30 patients with MS led to no significant clinical improvement (13) .
Molecular mimicry (i.e., cross-reactivity between self-Ags and viral proteins) has been implicated in the initiation of autoimmunity and MS. Based on homology to retroviral sequences, a novel autoantigen, partially encoded by a retrotransposon and selectively expressed in oligodendrocytes at high levels (14) , was identified as human transaldolase (TAL) (15) . TAL is a key enzyme of the pentose phosphate pathway (PPP). Although glucose is largely metabolized through the glycolytic pathway and the tricarboxylic acid cycle, the significance of PPP in the brain has long been established. During brain development, PPP provides NADPH for the biosynthesis of lipids (16) . The latter is particularly important at the period of active myelination (17, 18) . The overall activity of PPP in the brain declines 5-fold from birth to maturity (19) . Whereas under normal conditions only as little as 1% of the glucose enters the PPP (20) , at times of rapid myelination, up to 60% of the glucose is metabolized via the PPP (21) . Involvement of PPP in myelination provided a physiological explanation for the high level of TAL in oligodendrocytes (14, 22) . PPP also plays an essential role in neutralization of oxygen radicals, and elevated levels of TAL expression increase susceptibility to apoptosis signals (23) (24) (25) . The effector phase of the demyelination process in MS is thought to be mediated by reactive oxygen intermediates. Intralesional cytotoxic T cells produce TNF-b, which in turn induces apoptosis, an oxidative stress-mediated programmed cell death, of oligodendrocytes (26) . The Fas receptor/ligand system has also been implicated in the death of oligodendrocytes (27, 28) . Thus, oligodendrocyte-specific expression of TAL is possibly linked to production of large amounts of lipids, as a major component of myelin and vulnerability of the vast network of myelin sheaths to oxygen radicals. Immunohistochemical studies of postmortem brain sections revealed decreased staining by MBP-and TAL-specific Abs in MS plaques, indicating a concurrent loss of these Ags from sites of demyelination (22) . Patients with MS have TAL Abs in their blood and cerebrospinal fluid (14, 22) . TAL autoantibodies recognize immunoblotted and three-dimensional epitopes and inhibit enzymatic activity of TAL (29) . By contrast, TAL Abs were absent in normal individuals and patients with other autoimmune and neurologic diseases (14) and, under identical conditions, no MBPAbs were found in the serum and cerebrospinal fluid of MS patients (22) . The fact that TAL Abs were absent in controls, including patients with other neurologic diseases or systemic autoimmune diseases such as systemic lupus erythematosus and Sjögren's syndrome, indicated that the autoimmune process targeting TAL may be specific for MS. In addition, TAL elicits proliferation, aggregate formation, and skewing of the TCR Vb repertoire of peripheral blood T lymphocytes from patients with MS with respect to MBP as control Ag. The results suggested that TAL may be a more significant target than MBP of myelin-reactive T cells and of humoral autoreactivity in patients with MS (22) .
Most reports attribute oligodendrocyte cell death, at least in part, to the cytotoxic effect of CD8 + T cells (30) . Adoptively transferred MBP-specific (31) or MOG-specific CD8 + T cells induce severe CNS demyelination in animal models (32) . In MS brain lesions, infiltrating CD8 + CTLs were reported to outnumber CD4 + T cells 10-fold (1). In addition, actively demyelinating lesions of MS-affected brains are enriched for clonally expanded CD8 + T cells, compared with CD4 + T cells (33, 34) . These myelin-reactive CD8 + T cells may play a role in recruitment and retention of myelin-reactive CD4 + T cells by secreting proinflammatory soluble mediators to promote and mediate the inflammatory response in MS-affected brains. Full-length human rTAL or TAL peptide 168-176 (TALpep)-stimulated CTLs from HLA-A2 + MS patients kill TALpep-pulsed HLA-A2-transfected (Hmy A2.1), but not HLA-A3-transfected, control target cells. HLA-A2-transfected cells, but not control MO3.13 oligodendroglial cells, expressing high levels of endogenous TAL, are also killed by the CD8 + CTLs of MS patients without peptidepulsing the targets, thus indicating that endogenously processed TAL was recognized by HLA-A2-restricted CTLs. Because granzyme B (GrB) mediates killing of target cells by CTLs (35) and cleavage by GrB is strongly predictive of autoantigen status of self-proteins (36), we tested the cleavage of TAL by GrB. In the current study, we show that the 38-kDa TAL Ag is specifically cleaved by GrB between aa 27 and 28. The resulting 310-aa C-terminal fragment shows a complete loss of enzymatic activity but fully retains the antigenicity of TAL and stimulates proliferation and cytotoxic activity of T cells from MS patients. Thus, stimulation of T cell-mediated cytotoxicity by GrB-cleaved TAL (TAL-GrB) may play a key role in the progressive destruction of oligodendrocytes in patients with MS.
Materials and Methods

Patient and control cells
Fourteen patients with MS and eight healthy controls (HCs) were investigated. In the 14 patients, MS was diagnosed according to the criteria of Poser et al. (37) . PBMCs were isolated from heparinized venous blood on Ficoll-Hypaque gradient and resuspended in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml amphotericin B and cultured in a humidified atmosphere with 5% CO 2 at 37˚C. Cell-culture products were obtained from Cellgro (Mediatech, Herndon, VA). PBMCs were HLA class I Ag typed by the National Institutes of Health microcytotoxicity test (38) . Viability and functional capacity of all PBMC samples have been monitored by trypan blue exclusion (.95%) and PHAinduced proliferative responses by thymidine [methyl-3 H] ( 3 H-TdR) incorporation, respectively (29) .
Ags and Abs
Full-length recombinant human TAL (TAL-H) protein (clone 1425) was expressed as a fusion protein with GST by pGEX-2T plasmid vector (39), affinity purified through binding of GST to glutathione-coated agarose beads, cleaved from GST by 1 National Institutes of Health unit of thrombin (Sigma-Aldrich, St. Louis, MO) and separated from the agarose bead-bound GST by centrifugation (14) . The purified TAL-H was quantified by the Bradford assay, analyzed by SDS-PAGE and Western blot, and tested for TAL enzyme activity, as earlier described (15) . Synthetic TALpep was produced and purified to .99% homogeneity by Genemed (Genemed Synthesis, San Francisco, CA). MBP was purified from neurologically normal human brain according to the procedure of Deibler et al. (40) . Purity of the MBP preparations was analyzed by SDS-PAGE and Western blot (22) . BSA, Con A, and PHA were obtained from Sigma-Aldrich. Highly specific polyclonal rabbit Abs 169 and 170 directed to the 139-aa-long N-terminal segment of TAL were developed earlier (15) .
Establishment of TAL-specific T cell lines
PBMCs were incubated in Petri dishes precoated with autologous serum for 1 h at 37˚C to remove monocytes (41) . Nonadherent cells were enriched for CD8 + T cells by selective depletion of CD4 + cells using mAb-coated Dynabeads M-450 CD4 according to the manufacturer's instructions (Cat. No. 111.08, Dynal, Lake Success, NY). Usually, a CD4 T cell depletion of .99% was achieved with Dynabeads M-450 CD4. The resultant effector cells (10 7 cells/ donor) were stimulated with 5 mg/ml TAL or TALpep. On day 8, and subsequently at regular 7-to 10-d intervals, T cell lines (TCLs) were restimulated with autologous APCs derived from EBV-transformed B cells or PBMCs. APCs were generated by incubation with 5 mg/ml TAL or TALpep for 1 h, irradiated, and added to effector cells at a 1:1 ratio. In between restimulation with APCs, 10 U/ml human rIL-2 was also added to the effector cells.
Generation of B cell lines by EBV infection
EBV was harvested from the supernatant of B95-8 cells (42), filtered through a 0.45-mm mesh, and stored at 280˚C. A total of 10 7 PBMCs were infected by EBV by incubation with 3 ml B95-8 supernatant plus 2 ml fresh complete RPMI medium at 37˚C overnight. Next day, 4 ml fresh complete RPMI medium and cyclosporin A (Sigma-Aldrich) was added to a final concentration of 0.5 mg/ml, and cultures were left undisturbed for 10-14 d.
Proliferation assay
A total of 10 5 PBMCs per well were stimulated with and without 5 mg/ml fulllength TAL (clone 1425), GrB-truncated TAL (clone 8427), negative control Ag BSA, and positive control Con A in 96-well plates for 72 h. The cultures were pulsed with 0.4 uCi [ 3 H]-TdR for 12 h before cell harvesting. 3 H-TdR incorporation was measured as counts per minute using a liquid scintillation counter and expressed as stimulation indexes (SIs) +/2 SE of six parallel cultures.
T cell-mediated cytotoxicity assays
To assess cytotoxic potential and MHC class I restriction of the TAL peptidereactive TCLs, HLA-A2-transfected (Hmy A2.1) and HLA-A3-transfected (Hmy A3.1) Hmy lymphoblastoma and HLA-A2-transfected (MO3.13/A2) and control MO3.13 oligodendroglial cells were used (43) . MO3.13 (44) and Hmy cells spontaneously do not express any HLA class I or class II Ag (43, 44) . Target cells were pulsed with 5 mg/ml TALpep for 2 h at 37˚C. Then, 10 6 target cells were labeled with 200 mCi Na 2 51 CrO 4 for 1 h, washed three times, and seeded at a concentration of 5 3 10 3 per well of U-bottom 96-well plates. Depending on availability, effectors were added at 2.5:1, 5:1, 10:1, 25:1, and 50:1 effector/target ratios. TALpep was added at 10 mg/ml during the cytotoxicity assay. Control cultures included peptide-pulsed and unpulsed target cells with peptide or medium alone. Maximal release was measured in the presence of 0.1 M HCl. After incubation for 4 h at 37˚C, the supernatants were harvested, then counted in a g counter. Percent cytotoxicity was calculated: 100 3 [(test cpm 2 spontaneous cpm)/(maximal cpm 2 spontaneous cpm)].
Cytotoxic activity against adherent MO3.13 oligodendroglial cells (44) was measured by detachment of killed cells from the monolayer. A total of 2500 MO3.13 cells per well of flat-bottom 96-well plates were prelabeled with 3 H-TdR (ICN Biomedicals, Irvine, CA), with or without 10 mg/ml TALpep, and allowed to form a nonconfluent monolayer for 24 h. Targets were washed three times, and effectors were added for 24 h. Subsequently, plates were washed six times to remove effectors and killed target cells, and cytotoxicity was determined based on the 3 H-TdR content of remaining viable cells, as earlier described (41) .
Western blot analysis
For Western blot analysis, 500 ng rTAL-H protein in 10 ml per well was separated by SDS-PAGE and electroblotted to nitrocellulose (45) . Nitrocellulose blots were incubated in 100 mM Tris, pH 7.5; 0.9% NaCl; 0.1% Tween 20; and 5% skim milk with TAL Ab 169 (15) . The 70-kDa subunit of U1 snRNP was detected with a human Ab (46) . Vinculin and b-actin were detected with mouse mAbs (47, 48) . For detection of primary Abs, after washing, blots were incubated with HRP-conjugated secondary Abs (Jackson ImmunoResearch Laboratories, West Grove, PA). In between the incubations, the strips were vigorously washed in 0.1% Tween 20; 100 mM Tris, pH 7.5; and 0.9% NaCl. Protein bands were visualized by ECL (Western Lightning Chemiluminescence Reagent Plus, Perkin-Elmer, Boston, MA) using a Kodak Image Station 440CF and quantified by automated densitometry with the Kodak 1D Image Analysis Software (Eastman Kodak, Rochester, NY).
TAL enzyme activity
TAL enzyme activity was measured by the transfer of the dihydroxyacetone three-carbon unit from the donor D-fructose-6-phosphate to the acceptor Derythrose-4-phosphate, as earlier described (15) . Enzyme activity of 50 ng rTAL was assayed in the presence of 3.2 mM D-fructose 6-phosphate, 0.2 mM D-erythrose-4-phosphate, 0.1 mM NADH, 10 ug a-glycerophosphate dehydrogenase/triosephosphate isomerase at a 1:6 ratio in 1 ml PBS (pH 7.4) at room temperature by continuous absorbance reading at 340 nm for 20 min.
Cleavage of TAL by GrB and granzyme A
A total of 3 mg (4 mM) rTAL was incubated, with or without 50-150 nM GrB (GrB, Enzyme System Products, Dublin, CA), for 1 h at 37˚C in 20 ml GrB reaction buffer (10 mM HEPES, pH 7.4; 2 mM EDTA; and 1% Nonidet P-40). TAL was also cleaved by GrB obtained as a gift from Nancy Thornberry (Merck, Rahway, NJ). For testing cleavage by granzyme A (GrA), 3 mg rTAL was incubated, with or without 125 nM or 250 nM GrA, for 1 h or 2 h in 20 ml 50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 , and 1 mM MgCl 2 at 37˚C. Cleavage products were analyzed by SDS-PAGE and Western blotting. For N-terminal sequencing, TAL-GrB fragments were separated by SDS-PAGE, electroblotted to polyvinylidene difluoride membrane, stained with Ponceau S, and excised for MALDI-TOF analysis at the Dana Farber/Harvard Cancer Center Proteomics Core Facility (Boston, MA).
Generation of TAL-GrB and GrB cleavage-resistant TAL by site-directed mutagenesis
To study enzymatic activity and antigenicity of TAL-GrB, the 34-kDa major cleavage product, comprising aa 28-337, was expressed as a fusion protein with GST. Clone 8427, capable of expressing aa 28-337 of TAL, was derived from clone 1425, using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The aa 1-27 of TAL were deleted by site-directed mutagenesis of clone 1425, using sense (59-GATCTGGTTCCGCGTGGA-TCTACGGGCGACTTCCACGCCATC-39) and antisense (59-GA TGGCG-TGGAAGTCGCCCGTAGATCCACGCGGAACCAGATC-39) primers. After digestion of template DNAwith DpnI, the mutated expression vector, clone 8427, was transformed into XL I Blue Escherichia coli. Deletion of nucleotides encoding aa 1-27 in clone 8427 was confirmed by DNA sequencing. Cleavage of TAL by GrB at aa position 27 was investigated by site-directed mutagenesis of clone 1425, using sense (59-CCACCGTGGTGGCCGCCACGGGCGAC-TTCC-39) and antisense (59-GGAAGTCGCCCGTGGCGGCCACCACGG-TGG-39) primers, replacing the aspartic residue with alanine (TAL-D27A). Expression of TAL-GrB (clone 8427) and GrB cleavage site-mutagenized TAL (TAL-D27A, clone 9182) was performed as described for wild-type TAL (TAL-WT).
ELISA
For ELISA, 96-well plates were precoated at 4˚C with 1 mg peptide per well in 0.01 M NaHCO 3 (pH 9.55). Uncoated sites were blocked with 10% goat serum/0.1% Tween 20 in PBS (pH 7.4) at room temperature for 1 h. Subsequently, sera were added to the wells in 10% goat serum/0.1% Tween 20 in PBS at a 1:1000 dilution. After incubation for 1 h, the plates were washed with 0.1% Tween 20 in PBS. The plates were then further incubated with HRP-conjugated secondary Abs, washed with 0.1% Tween 20 in PBS, and developed with 2,29-azinobis(3-ethylbenzothiazoline-6sulfonic acid). Positive control rabbit sera 169 and 12484 were applied at a 1000-fold dilution, whereas human sera were tested at a 100-fold dilution. Relative optical densities of human sera were compared, with the mean of TAL-specific rabbit sera 169 and 12484 normalized to 1.0.
Statistics
Results were expressed as the mean 6 SD or SE and analyzed by Student t test. The p values were calculated with GraphPad Software (San Diego, CA) and considered significant at ,0.05.
Results
TAL-H is specifically cleaved by GrB
It was previously demonstrated that TAL-specific T cells effectively lyse TALpep-presenting oligodendroglioma cells in an HLA-A2restricted manner in vitro (49) . In vivo, oligodendrocytes are selectively destroyed in the brain of MS patients. In addition, TAL-H is expressed in oligodendrocytes at high levels in the brain (14, 22) . Infiltrating CD8 + CTLs are thought to play a key role in oligodendrocyte cell death via GrB-initiated apoptosis (50) . Cleavage by GrB is strongly predictive of the autoantigen status of self-proteins (36) . Significantly, TAL-H contains predicted GrB cleavage sites. Therefore, we investigated whether GrB can cleave TAL. TAL and MBP were incubated with 100 nM GrB (Enzyme System Products, Dublin, CA) for 1-2 h at 37˚C. GrB cleaved the 38-kDa rTAL-H Ag, resulting in a dominant 34-kDa fragment (Fig. 1A) . This 34-kDa fragment was positively identified as TAL after immunoblotting with anti-TAL Ab 169 (Fig. 1B) . In contrast, no GrB cleavage of MBP (4 mM) was observed by 100 nM GrB after 120 min incubation (Fig. 1A) . TAL was resistant to cleavage by GrA (data not shown).
We alsoinvestigatedwhetherTALwas cleavedinnative lysateof the MO3.13 oligodendrocyte-like cell line. As shown in Fig. 1C and 1D , TAL was cleaved after the addition of GrB to MO3.13 lysates. The full-length form of TAL was reduced by 51 6 6% in GrB-treated lysates relative to vinculin (Fig. 1C) or actin ( Fig. 1D ; p = 0.01). The 34-kDa cleavage product of TAL was not detected in native MO3. 13 lysates, suggesting that the cleaved product may have been further degraded upon GrB proteolysis. Similar findings have been previously reported for cleavage of the native Bag1 protein by GrB (51) .
Mapping of GrB cleavage sites in human TAL
Three potential GrB recognition motifs have been identified in TAL (Fig. 2 ). Upon digestion with GrB, only two cleavage products, a dominant 34-kDa fragment and a minor 25-kDa fragment (not shown), have been identified by Western blot analysis. Both fragments were gel purified and subjected to N-terminal sequencing. The peptide sequence obtained from the 34-kDa fragment, T-D FHAIDEY, indicated that TAL was cleaved after residue 27, contained within a typical VVAD motif ( Fig. 2A) . The minor 25-kDa GrB product was also sequenced, and its cleavage site was mapped after residue 108, corresponding to the recognition motif TEVD ( Fig. 2A ). There was no evidence for cleavage at the motif LLQD corresponding to residues 263-267. Digestion of TAL at aa position 27 by GrB was confirmed by site-directed mutagenesis of the VVAD motif. Replacement of the aspartic residue with alanine at aa position 27 blocked cleavage of the mutated protein TAL-D27A by GrB (Fig. 2B) . 
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The dominant 34-kDa TAL-GrB fragment exhibits no enzymatic activity but stimulates lymphocyte proliferation and CTL activity in patients with MS
The major 27-28 aa GrB cleavage site was selected for site-directed mutagenesis (Stratagene QuikChange) and subsequent protein expression of rTAL corresponding to the C-terminal 310-aa GrB cleavage product, TAL-GrB. The 34-kDa TAL-GrB peptide was expressed in the pGEX-2T vector following deletion of the first 27 aa of full-length TAL by site-directed mutagenesis, as described earlier (29) . The 34-kDa TAL-GrB protein (TAL-GrB, clone 8427, missing the first 27 aa) was expressed as a fusion protein with GST, affinity purified, cleaved with thrombin, and analyzed by immunoblotting with anti-TAL Ab 169 and compared with the full-length 38-kDa WT rTAL-H protein (TAL-WT, clone 1425) as positive control (Fig. 3) . Whereas the full-length TAL exhibited sp. act. of .16 U/mg protein, the 34-kDa TAL-GrB protein (aa 28-337) had no appreciable enzymatic activity (,0.1 U/mg). The antigenicity recombinant proteins corresponding to the mutant TAL-GrB and TAL-WT were compared using PBMCs from HLA-A2 + MS patients (JAB, PET, RYD, SOL), HLA-A2 2 MS patients (PCA, DET, GIR), and HLA-A2 + HCs (RUS, NIL). TAL-GrB and TAL-WT elicited increased proliferative responses by HLA-A2 + MS PBMCs, SIs of 3.2 6 0.14 and 3.4 6 0.18, re-spectively, exceeding the SI of control Ag BSA (SI = 1.2; p , 0.0001; Fig. 4 ). Both TAL-WT (p = 0.021) and TAL-GrB elicited a higher SI with HLA-A2 + MS than did HLA-A2 + control PBMCs (p = 0.010).
Next, we investigated the ability of TAL-GrB and TAL-WT to activate HLA-A2-restricted CTLs in MS patients. We used HLA-A2-transfected MO3.13 oligodendroglioma and Hmy lymphoblastoma cells as targets. TAL-GrB and TAL-WT elicited comparable CTL activities by PBMCs of HLA-A2 + MS patients, but not in HLA-A2 2 MS patients or HLA-A2 + HCs. Similar to earlier findings (49), MO3.13 oligodendroglioma, but not Hmy cells, were killed by CTLs with prior pulsing with TALpep ( Fig. 5 ). This suggested that MO3.13 oligodendroglioma cells may more effectively present TAL owing to higher levels of endogenous expression. Indeed, expression of TAL relative to b-actin was 4-fold higher in MO3.13 oligodendroglioma, compared with Hmy cells (Fig. 3) . Moreover, TAL-GrB fully retained the capacity of TAL-WT to stimulate CTL activity of TCL from HLA-A2 + MS patients JAB (JTE) and KEF (KTE) (Fig. 6 ).
Autoantibodies in sera of MS patients bind TAL-WT and TAL-GrB with similar affinity
Patients with MS have TAL Abs in their blood and cerebrospinal fluid (14, 22) . By contrast, TAL Abs were absent in normal individuals and patients with other autoimmune and neurological diseases (14) and, under identical conditions, no MBP Abs were found in serum and cerebrospinal fluid of MS patients (22) . As shown in Fig. 7 , TAL-WT and TAL-GrB were recognized by autoantibodies in the sera of 12 patients with similar affinity. Rabbit anti-TAL-H Abs 169 (15) and 12484 (29) at 1:1000 dilution and MS sera at 1:100 dilution had similar binding affinity to rTAL-WT and TAL-GrB (data not shown). Binding by MS sera to TAL-WT or TAL-GrB markedly exceeded binding by sera of HCs (Fig. 7) .
Discussion
Autoimmunity has been attributed to molecular mimicry between viral Ags and self-proteins, resulting in cross-reactivity of MHCrestricted T cells and Abs (52, 53) . In MS, cross-reactivity between microbial and myelin Ags has been implicated in immune-mediated destruction of oligodendrocytes and subsequent demyelination (54, 55) . In addition to molecular mimicry, cleavage by GrB is an indication of autoantigen status (36) . The majority of autoantigens across several human autoimmune diseases are efficiently cleaved by GrB in vitro, producing unique fragments (36) . Cleavage by GrB can expose cryptic epitopes of peptides from a wide spectrum of apoptotic cells (47) , including neurons, which in turn can trigger self-reactive T cells (56) .
GrB is produced by CTLs, and it enters target cells through perforin-generated pores where it triggers apoptosis through cleavage and activation of caspase-3 (35) . In MS brain lesions, infiltrating CD8 + CTLs outnumber CD4 + T cells (1) , and oligodendrocyte cell death is mostly attributed to the cytotoxic effect of CD8 + T cells (30) . Adoptively transferred MBP-specific (31) or MOG-specific CD8 + T cells induce severe CNS demyelination in animal models (32) . Although MBP-specific CD8 T cells were detected in human PBL, there was no difference in cytotoxicity of MBP 110-118 peptide-stimulated CD8 T cells between healthy donors and MS patients (57, 58) . Recently, increased precursor frequency of MBP 111-119-reactive CD8 T cells was found in a minority of MS patients (59) . Cytosolic proteins, like highly soluble TAL, constitute a major source of peptides presented to CD8 + T cells by HLA class I molecules (60) . Among 14 peptides with predicted HLA-A2 binding stabilities of .100 min (t 1/2 ) at 37˚C, TALpep has the highest binding affinity for HLA-A2, and it is specifically recognized by CD8 + CTLs in HLA-A2 + MS patients. The precursor frequency, cytotoxic activity, and IFN-g production of TALpep-specific CD8 T cells were increased in each of seven HLA-A2 + MS patients, compared with seven HLA-A2 2 MS patients, four HLA-A2 + patients with other neurological diseases, four HLA-A2 2 patients with other neurological diseases, and four HLA-A2 + and two HLA-A2 2 healthy donors (49) . TAL is expressed at selective high levels in oligodendrocytes (14) , and immunohistochemical studies of postmortem brain sections revealed decreased staining by MBP-and TAL-specific Abs in MS plaques, indicating a concurrent loss of these Ags from sites of demyelination (22) . In this study, we demonstrate that TAL is cleaved by GrB, which may play a significant role in autoimmunization during the oligodendrocyte-specific cytotoxic process in MS. Apoptotic oligodendrocytes may release TAL-GrB fragments, exposing potentially autoantigenic cryptic epitopes that autoreactive CTLs could respond to, and in turn perpetuate the oligodendrocyte-cytotoxic process. Therefore, GrBmediated cleavage, in addition to molecular mimicry with viral proteins and high level of expression in oligodendrocytes, may contribute to the antigenicity of TAL. In the context of TAL, not only the retention of autoantigenicity but also the loss of enzymatic activity, which was recently found to influence apoptosis susceptibility in cell type and pathway-specific manners (48, 61) , may be relevant for the pathogenesis of MS. Cleavage by GrB, subsequent proteolysis, and inactivation of TAL could enhance the susceptibility of oligodendrocytes to apoptosis and therefore promote the release of antigenic peptides from TAL as well as from other potential autoantigens. Although it may be too speculative at this point, the degradation of TAL could result in its trimming into the 168-176 dominant epitope (49) and its loading into HLA-A2/MHC class I complexes (62) . This process may stimulate the presentation of TALpep to CD8 + T cells directly by dying oligodendrocytes or indirectly by APCs, such as microglia, following the uptake of apoptotic oligodendrocytes in the brain. The latter mechanism (i.e., Ag uptake from dying tumor cells) was found to enhance Ag presentation and antitumor immunity (63) .
The three-dimensional structure of human TAL has been determined by x-ray crystallography, and surface exposure of aa residues 1-115 and 265-290 was confirmed by binding of polyclonal rabbit Abs raised against enzymatically active full-length rTAL and autoantibodies of MS patients to a set of 33 peptides overlapping TAL (64) . Remarkably, the most exposed and antigenic peptide, residues 21-35, contain the major GrB cleavage site between aa 27 and 28 (64) . The minor fragment was generated by cleavage after aa 108 comprised within an exposed recognition motif. By contrast, the LLQD motif corresponding to aa 263-267 is not exposed on the surface of TAL, which may explain a lack of cleavage by GrB at this site.
The major 34-kDa TAL-GrB peptide had no enzymatic activity; however, it elicited proliferative responses and CTL activities similar to those by full-length TAL-WT. The HLA-A2-binding CTL recognition motif 168-176, which is retained in TAL-GrB, is located inside the a-b barrel and therefore is not exposed on the surface of TAL (64) . Recognition of TAL 168-176 by CTLs of MS patients is consistent with the notion that the autoimmune T cell repertoire is primarily directed against cryptic self-determinants (56) . Both the TAL-WT and the TAL-GrB were recognized by HLA-Ap0201restricted CD8 + CTLs (Figs, 5, 6 ). We previously showed that all TAL-specific CD8 + TCLs expressed TCRVb14 49 . A recent study demonstrated that oligoclonally expanded CTL lines from MS patients preferentially use TCRVb14, CDR3, and BJ segments matching those of TAL-specific TCLs (65) . Importantly, CD8 + T cells expressing these TCRs derived exclusively from HLA-A2positive individuals, further supporting the notion that these expanded T cell clones are actually targeting the TAL protein (65) .
On the basis of binding to an array of 33 peptides, each 15 aa long, overlapping TAL by 5 aa, four immunodominant B cell epitopes have been identified in MS patients (64): 9/13 TAL-reactive sera FIGURE 6. Cytotoxicity by TAL-specific TCLs from MS patients was assessed against MO3.13/A2 (HLA-A2-transfected) and control MO3.13, as well as Hmy-A2.1 (HLA-A2-transfected) and control Hmy-A3.1 (HLA-A3-transfected) target cells. JTE and KTE TCLs were generated from HLA-Ap0201positive MS patients and maintained by weekly stimulation with autologous EBV-transformed B cells pulsed with 5 mg/ml rTAL (49) . Values significantly exceeding control levels are indicated by brackets. pp , 0.005; ppp , 0.0005; pppp , 0.0001.
FIGURE 7.
Testing of binding affinity to TAL-WT and TAL-GrB by sera of 12 MS patients and 6 HCs, using ELISA. Binding affinity of MS sera exceeded the binding affinity of control sera to both TAL-WT (p = 2.7 3 10 13 ) and TAL-GrB (p = 9.4 3 10 11 ), using a two-tailed t test.
recognized peptide 24 (residues 231-245), 10/13 sera recognized peptide 28 (residues 271-285), and peptides 11 (residues 101-115) and 32 (residues 311-325) were recognized by 5/13 sera. Ab 12484 raised against enzymatically active full-length TAL showed highaffinity binding to peptides 11 and 32 but failed to recognize peptides 24 and 28, suggesting that the two latter peptides may be cryptic or nonimmunogenic in the rabbit. Because TAL is released from sites of demyelination in the brain of MS patients (22) , it is plausible that these cryptic epitopes are exposed by GrB-mediated cleavage. The prevalence of autoantibodies to TAL is increased in MS patients (14, 22) , and TAL-reactive MS sera exhibited similar binding affinity to WT or GrB-cleaved Ag (data not shown). Along the same line, autoantibodies directed against GrB-cleaved SS-B/ La Ag were found in sera from patients with primary Sjögren's syndrome (66) .
In summary, the current study shows that TAL is specifically cleaved by GrB between aa 27 and 28. The resulting 310-aa Cterminal fragment has no enzymatic activity but fully retains the antigenicity of TAL, stimulates proliferation and cytotoxic activity of T cells, and is recognized by autoantibodies from MS patients. Thus, the cleavage by GrB may play a key role in the autoantigenicity of TAL and contribute to the destruction of oligodendrocytes in MS.
